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Abstract: A non-fouling surface containing immobilized polyethylene oxide (PEO) 
was achieved using an argon radio-frequency glow discharge treatment (RFGD) 
of polyethylene films precoated with Brij hydrocarbonpIPE surfactants. Surface 
wettability of RFGD-treated and washed surfaces increased the most when PEO 
surfactants with unsaturated and/or long alkyl tails were used. ESCA measure- 
ments of treated and washed surfaces showed increases of surface O/C ratios 
and ether carbon peaks in high resolution Cls spectra. These results demonstrate 
the retention of the PEO surfactants on the treated surfaces. Fibrinogen adso?- 
tion on these treated surfaces was significantly reduced, from 500 to 50ng/cm , 
indicating the non-fouling properties of the RFGD-immobilized PEO surfactants. 
INTRODUCTION 
Protein-repellent or ‘non-fouling’ surfaces are 
needed als components of drug delivery vehicles to 
avoid 10:~s of high-cost peptide and protein drugs. 
They am also potentially useful as coatings for 
drug-con.taining nanoparticles, both to avoid phago- 
cytosis in the liver and also to affect distribution of 
the particles in different organs. Such surfaces are 
also important to other biotechnological and medical 
applications, such as diagnostic assays, biosensors, 
bioseparations, implants and medical devices. The 
non-fouling properties of a wide variety of surface 
treatments have been investigated.’ The deposition 
of compositions containing polyethylene oxide 
(PEO) has received the most attention.‘-’ It has 
been shown that when PEO chains of MW c. 1000 
or more are immobilized on a surface, the adsorp- 
tion of proteins as fibrinogen can be reduced signi- 
ficantly. 
In this study, we have developed a novel radio- 
frequenc,y glow discharge (RFGD) process to bind 
a PEO-containing surfactant onto a hydrophobic 
surface. In this process, the surfactant is first 
‘anchored’ on the polymer surface via physical 
adsorption from a solvent which swells the substrate 
polymer. Then the solvent is evaporated and the 
adsorbed surfactant is bound covalently to the 
surface by a gas discharge treatment, which causes 
‘crosslinking’ of the surfactant with the polymer 
molecules in the surface. In t is paper we will 
present results obtained with a varietly of PEO surfac- 
tants, physically adsorbed onto polyethylene surfaces 
and then bound to the surface with an argon gas 
discharge. 
MATERIALS AND METHODS 
Materials 
Table 1 lists the code names and compositions of the 
compounds studied in this paper. PEOlK, Brij 
surfactants (from Sigma Chemical Co.) and Triton 
X-165 (as a gift from Rohm and Haas Co., Phila- 
delphia, PA) were used as received. Brij99 was 
selected as a model compound for the adsorption 
and desorption studies. The low-density polyethylene 
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PEO Chemical 
sui-factant stn4cturea 
Average 
molecdar 
weight 
Brij99 Ci8.1-EO20 
Brij78 c18-E020 
Brij35 G2-Ef320 
Triton X-l 65 C8Ph-EO16 
PEO Homopolymer 
PEOZK (~N2~H20123 
1148 880 0~36 
1150 880 0.36 
1066 8862 0.40 
910 700 (a.37 
1000 1000 0.58 
a Provided by the manufacturer. 
(LDPE) films (Cadillac Plastic, Seattle, WA) were 
cleaned sequentially with CHC13, acetone and water 
for 15 min each in a sonicator and dried in air. 
Reagent-grade chemicals were used as received in this 
study without further purification. Fibrinogen was 
purified from fresh baboon blood (from the Regional 
Primate Research Center, Seattle, WA) and radio- 
labelled with “‘1 according to previously published 
protocols.’ 
Adsorption and desorption of Brij99 on LDPE 
Brij99 was chosen as a model surfactant for optimiza- 
tion of the adsorption and washing or desorption 
steps. A simple dip-coating method was applied to 
adsorb Brij99 onto LDPE films. LDPE films were 
dipped in a 1% w/v Brij99 solution, freshly prepared 
in chloroform, at room temperature for 30 s, Then the 
coated films were dried in a laminar flow hood for 
one day at room temperature. Desorption (or wash- 
ing) of the surfactant from the coated but untreated 
surfaces was studied in both water and chloroform 
solvents. After RFGD treatment, treated films were 
washed with water for 30 min twice and soaked over- 
night in fresh water before further surface character- 
ization. This process was designed to completely 
remove all of the physically adsorbed Brij99 from 
the surface. 
Gas discharge treatment 
A capacitive radio-frequency flow discharge at 
13.56MHz (HF-300, ENI Power Systems Inc., 
Rochester, NY) was used to treat LDPE or 
LDPE/PEO-surfactant surfaces in a glass cylinder 
reactor (i.d. 11.5 cm x 80cm). A static argon (Air 
Products and Chemicals Inc., Allentown, PA, 
Pre-pure grade: > 99.95%) gas discharge without 
flow was generated at a reactor pressure of 
temperature. 
ower of 2”.5 or 5 
Surface a~a~y~e~ 
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water contact-angle 
measurements were one on an 
meter (Surface Scienc 
using a mo~oc~r~~atic 
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Fig. 1. ESCA O/C ratio shown as a function of the kinetics of desorption (washing) time in water or chloroform for Brij99 physically 
adsorbed on untreated LDPE. Brij99 was deposited on LDPE surfaces from a 1% w/v chloroform solution for 30 s at room tempera- 
ture, dried for one day and then washed at room temperature in either water of chloroform. 
the LDF’E surface. ESCA results of RFGD-treated 
and was,hed LDPE and LDPE/Brij99 surfaces are 
shown in Fig. 2. It can be seen that there is an 
increase of surface O/C ratios of RFGD-treated 
LDPE, indicating that the treatment causes some 
surface oxidation of LDPE, although the O/C 
ratios still remain significantly less than on 
the treated surfactant-LDPE films. The surface 
O/C ratios of RFGD-treated LDPE/Brij99 films 
increase with treatment time up to a plateau at 
30 s, indicating the probable presence of PEO surfac- 
tant molecules on the treated surfaces when compared 
to the control LDPE films. Thus,, the treatment 
must bind the surfactant to the substrate surface. 
The recombination of alkyl and polymer free radi- 
cals, formed by the Ar RFGD treatment is the 
most likely explanation of such an immobilization, 
leading to crosslinking of the PElO surfactant to 
the polyethylene chains. 
Advancing water-contact angles on the treated 
and washed control LDPE, LDPE/PEO-homo- 
polymer and LDPE/PEO-surfactant films are 
shown in Fig. 3. The RFGD-treated LDPE sur- 
faces exhibit a slight decrease in. water contact 
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Fig. 2. ESCA O/C ratios for LDPE and LDPE/Brij99 surfaces after Ar RFGD treatment and washing in water. 
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Fig. 3. Water contact angles on Ar RFGD-treated LDPE and LDPE/PEB- surfaclant surfaces after washing and drying, 
angles, probably due to surface oxidation, as sug- 
gested by the ESCA results. Only surfaces modified 
with PEO surfactants containing a long unsaturated 
(Brij99) or saturated alkyl chain (Brij78), show a 
large reduction of water contact angle (< 20 “> for 
treatment times over about 45-90 s. No significant 
improvement of surface wettability was observed 
on the surfaces modified with the PEO homo- 
polymer, PEOlK. It can also be seen that other 
PEO surfactants with a shorter alkyl group 
(Brij35) or an aryl group (Triton X-165) showed 
no improvement when compared with the LDPE 
control. These results support the proposed cross- 
linking ~~ec~~~is vvhich shouid be favored by 
saturated alkyd chains, 
orted that ~o~yethy~~~ 
radicals which cause surface crosshnki 
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Fibrinogen adsorption on Ar RFGD-treated LDPE and LDPE/Brij99 surfaces. WesuIts are shown for 2.5 and 5 W plasma 
levels. After prehydration of films in CPBSzi buffer for 4 h, protein adsorption w2s carried out in 0.2 mg/ml fibrinogen 
sohltions at 37 “C for 2 h. 
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of treatment time as well as treatment power, prob- 
ably because of the increased surface oxidation. On 
the other hand, the RFGD-treated LDPE/Brij99 
surfaces exhibit a significant reduction of fibri- 
nogen adsorption to about 50 i 11 and 
110 rt 18 ng/cm2 when treated 15 s with 2.5 and 
5 W Ar plasmas, respectively. These results also 
support the retention of the Brij99 on the LDPE 
surface. When RFGD treatment time is pro- 
longed, fibrinogen adsorption increases on the 
LDPE/Brij99 surfaces, which may be due to the 
surface oxidation and/or degradation of PEO due 
to the etching action of the argon plasma. In sum- 
mary, tlhe best non-fouling surface was obtained 
when L’DPE/Brij99 films were treated at a low 
power level for a short treatment time, e.g. 2.5 W 
and 15-30 s. This is a very simple, clean and short 
process for producing a non-fouling surface. 
CONCLUSIONS 
A non-fouling polymer surface, exhibiting very 
low fibrinogen adsorption, was obtained using a 
short, low-power Ar RFGD treatment on an 
LDPE surface which had been precoated with a 
PEO surfactant. This simple process may have 
wide applicability for modifying polymer surfaces 
in general as well as biomaterial surfaces in parti- 
cular. 
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